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This research focused on analyzing flow through aneurysms using microscopic particle 
image velocimetry. This research was motivated by the facts that flow hemodynamics are 
one the most important factors in growth and rupture of an aneurysm. Particle image 
velocimetry is an advanced method to determine fluid flow conditions based on motion 
of particles in the flow. This technique can be used to visualize complex flow patterns 
where exact values are required. Flow through aneurysms is a pulsatile flow where the 
difficulty is compounded by its complex geometric structure. 
A system capable of producing velocity and pressure waveforms closely approximating 
that of an actual human heart was created. Aneurysm models were made of flexible 
tubing with dimensions close to actual ones found on carotid arteries. The two most 
common cases for aneurysm selected for the study were side wall and branch aneurysm. 
As the name suggests the former one had an aneurysm sac on the side wall of the carotid 
artery and the latter had it at the bifurcation site between internal and external carotid 
artery. 
Due to measurement and magnification resolution limitations multiple images were taken 
adjacent to one another and then were combined to get a complete flow structure. The 
maximum Reynolds number based on mean flow velocity and diameter of the vessel was 
around 1200 for side wall aneurysm and 1300 for branch aneurysm. We found that vortex 
inside the aneurysm in both the cases had a varying intensity and mobility. The vorticity 
was found to be inversely dependent on the flow velocity in the main vessel. The center 
Xl 
of the vortex was found to move towards the neck of aneurysm as the flow velocity 
increased. We believe specific study of the hemodynamics based on patients aneurysm 
geometry can help in understanding the chances of rupture and treatment method suitable 
for that patient. 
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CHAPTER 1: INTRODUCTION 
1.1 Background 
Stroke, being the third leading cause of death after heart disease and cancer is also the most 
common life threatening neurological disease in the United States (Wier B.). One major type 
of stroke is subarachnoid hemorrhage (SAH) which in 95% of cases is due to intracranial (or 
cerebral) aneurysms (Brain Aneurysm Foundation). Intracranial aneurysms are balloon-like 
dilations localized to a portion of the cerebral arteries usually growing at the base of brain. In 
an effort to treat this condition, a number of surgical techniques have been developed to 
either repair aneurysms or diminish the chances of their rupture. One such technique is 
endovascular surgical occlusion. Even though due to some limitations this method is yet to 
reach its full potential, however it has a promising and expanding role in treatment of 
aneurysms (Mayo clinic news) especially in cases where anatomical or patient factors make 
extrinsic clip ligation dangerous. In Endovascular method platinum micro-coils are placed in 
the sac of the aneurysm using a microcatheter, resulting in complete or near-complete 
occlusion of the aneurysm in up to 90% of cases. This technique being considerably less 
invasive in nature has gained a lot of popularity in recent years over open clip ligation. 
1.2 Motivation 
To understand and perform endovascular method efficiently and effectively a complete 
understanding of fluid mechanics of blood flow through aneurysms is required. Using this 
knowledge, neuro-endovascular surgeons will be able to predict an aneurysm rate of growth, 
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its potential for rupture and most important analyze the potential response to therapy thus 
will be able to make better assessment of treatment options. 
The goal of this research was to perform microscopic particle image velocimetry (microPIV) 
on actual-sized models that accurately reflect the dimensions and mechanical properties of 
intracranial arteries and aneurysms. Even though blood flow patterns strongly depends on 
vessel geometry and physiological conditions which vary among individuals (Cebral et al), 
aneurysm models depicting average vessel characteristics were used for this research. These 
aneurysm models were in the different stages of the growth on the internal carotid arteries. 
This could then lead to faithfully simulating endovascular surgical occlusion of the aneurysm 
using the actual endovascular surgical tools and techniques within the controlled laboratory 
setting. In the research, instantaneous velocities are obtained for different aneurysms models 
which will lead to more complete understanding of the effect of the surgical techniques on 
both the fluid mechanics of the blood flow and the hemodynamic forces that are responsible 
for intracranial aneurysm growth and rupture. 
1.3 Procedure 
To create the required fluid flow simulating pressure characteristics of the blood flow 
through an actual aneurysm, a pumping device showing approximately same pressure 
waveforms was build. The device was controlled using lab View software where a square 
wave was used to generate required pressure waveforms. The pressure across the aneurysm 
was taken by connecting pressure transducers before and after the model. The signals from 
the pressure transducers were read by a data acquisition board containing a multiplexer so 
that simultaneous readings can be taken at each of the locations. 
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Instantaneous velocity fields within the aneurysms are measured using microscopic particle 
image velocimetry. This technique provides superior results because the spatial resolution of 
microPIV is much greater than those of the other methods. 
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CHAPTER 2: LITERATURE SURVEY 
The fluid dynamics of blood flow through arteries is an area of enormous importance, as 
many cardiovascular health problems are the result of irregularities in these flows. One case 
where fluid dynamics plays a part in cardiovascular health problem is the formation of 
aneurysms in arteries. An aneurysm is essentially a localized, pathological condition where 
the dilatation of blood vessel results in a soft, pulsating sac like growth. It is typically caused 
by many factors, which not only include factors due to geometry of carotid artery bifurcation 
but also due to various properties of flowing blood like pressure, velocity and vibration 
effects of pulsating blood flow. Two common locations for aneurysms are the aorta and the 
carotid artery. The research presented here focuses on a novel experimental technique for 
studying blood flow in the carotid artery. Because the formation of aneurysms in the carotid 
artery is a subject of immense interest in biomedical field, a great deal of research has been 
done using various experimental and computational methods on this topic. A summary of 
some relevant results and analysis therefore follows. 
2.1 Carotid arteries and Intracranial Aneurysms 
Strokes are mainly of two types: ischemic strokes, which are due to clogging of major 
arteries in the cerebral region, and hemorrhagic strokes, (Hademenos and Massoud 1997). 
Hemorrhagic strokes constitute 20% of the total strokes due to which approximately 50% of 
patients die or become permanently disabled as a result of initial hemorrhage, and of the 
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remaining another 25% to 35% fall to future hemorrhage. These hemorrhagic strokes are the 
focus of this research. 
Hemorrhagic strokes are due to intracerebral hemorrhage and subarachnoid 
hemorrhage. While intracerebral hemorrhage is defined as the rupture of cranial blood 
vessels resulting in leakage of blood in cerebral region, subarachnoid hemorrhage (SAH) is 
leakage of blood due to rupture of aneurysm (National Institute of Neurological Disorders 
and Stroke). More explanation of these terms and causes is given in the following part of this 
section. 
Supply of oxygen rich blood to human brain is supplied through the common carotid 
and vertebral arteries. The common carotid arteries divide into the internal and the external 
carotid arteries in the neck region. The face, scalp and most of the neck region are supplied 
blood through external carotid arteries whereas the anterior portion of the brain is served by 
internal carotid arteries. The vertebral arteries being closer to the spine supply the posterior 
portion of the brain (Hademenos and Massoud 1997). 
While the precise mechanism of aneurysm growth and rupture in the carotid artery remains 
uncertain, the factors that are considered important are discussed here. An intracranial (or 
cerebral) aneurysm is an abnormal widening or ballooning of a section of one (or both) of the 
cerebral arteries. Based on pathological studies the structure of an aneurysm wall ranges from 
thin membrane to a thick wall due to deposition of cholesterol and lipids on innermost layer 
of wall. Though these atherosclerotic plaques are one of the reasons for rupture of aneurysm, 
the more common reason is degradation of extracellular matrix protein required to keep 
aneurysm intact against pulsating blood pressure (Chyatte and Lewis). As these factors are 
more biological than mechanical we will not consider these factors for our research. The 
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other important reason for the rupture of aneurysm is the unbalanced hemodynamic forces. 
These unbalances include effects of velocity, pressure forces as well as vibration effects due 
to pulsatile blood flow. The two types are aneurysms are saccular and fusiform which are 
shown below in Fig. 1 : 
Figure 2.1 Types of intracranial aneurysm a), Saccular aneurysm; b ), fusiform 
aneurysm (Source: Touze E et. al. "Aneurysmal Forms of Cervical Artery Dissection: 
Associated Factors and Outcome" Stroke. 2001; 32:418) 
Saccular aneurysms are the focus for this research. Saccular aneurysms can be further 
classified depending on the location of aneurysm as wall aneurysms and branch aneurysms. 
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Angiographic projection images showing both a branch and a wall aneurysm are shown 
below: 
Figure 2.2 Angiogram of intracranial aneurysm in the middle cerebral artery (Source: 
Peters D. G. et. al. "Molecular Anatomy of an lntracranial Aneurysm: Coordinated 
Expression of Genes Involved in Wound Healing and Tissue Remodeling" Stroke 2001; 32: 
1036- 1042) 
Studies have also been performed on the mechanical loads that act on an aneurysm and 
stresses generated due to these loads (Tateshima et. al). Kyriacou and Humphery performed 
some studies on aneurysm geometry and material behavior. They used thin walled, 
transparent, spherical sac-like structure as an aneurysm model to study why there is a rupture 
in some aneurysms and not in others. 
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Figure 2.3 a), Angiographic projection image of a human brain aneurysm at the branch 
site. b, Line drawing illustrating the geometric features of a human brain aneurysm 
occurring at an arterial bifurcation (Source: Hademenos G.J.; Massoud T.F. "Biophysical 
Mechanisms of Stroke" Stroke 1997; Vol 28; 2067-2077) 
It is still being argued that whether the growth and rupture of aneurysms is due to defects in 
aneurysm wall tissues or due to hemodynamic forces . However for effective treatment of 
aneurysm it is important to understand the local hemodynamic factors at the site of aneurysm 
(Liou et. al.) and hence a concentration was placed on these factors in the presented research. 
Hemodynamic forces are the various forces related the blood flow circulation, such as 
viscous forces and pressure forces. 
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The fully developed cerebral aneurysm typically ranges in size from a few millimeters 
to 15 mm but can attain sizes greater than 2.5 cm (Hademenos and Massoud 1997). Brain 
aneurysms are present in 3%-5% of the United States population. Aneurysmal subarachnoid 
hemorrhage has a mortality rate of 50% within minutes of a massive hemorrhage. However, 
even for the 50% of patients who survive the initial hemorrhage, half will suffer delayed 
death due to later complications. Even long-term survivors of cerebral aneurysms, depending 
upon the level of hemorrhage, usually live with severe long-term deficits such as loss of 
some brain functions (usually memory) and chances of ischemic stroke. (Brain Aneurysm 
Foundation). 
2.2. Treatment options 
The goal of treatment of cerebral aneurysms is to prevent future hemorrhage. There are two 
main treatment options available to patients, surgery and endovascular therapy. 
2.2.1 Surgery 
Here an operation is performed under general anesthesia where a metal clip is placed across 
the neck of cerebral aneurysm. This treatment is known as open craniotomy or extrinsic clip 
ligation (Smith et. al.). In this method an incision is made on the scalp to create a window in 
the skull through which aneurysm is located and the clip is applied. The bone window is then 
replaced and the scalp is closed. With advanced microsurgical techniques the risk of the 
surgery is usually quite low but depends on the size, location and shape of the aneurysm. 
(Mayo Clinic News, Rochester) However there is still a chance of recurrence of aneurysm 
after surgery. The following figure explains this: 
10 
Figure 2.4 Right carotid angiograms of case of elderly women. An incidentally found 
right middle cerebral artery aneurysm was clipped originally (left). Twelve years later, 
the patient developed SAH, and repeated angiogram demonstrated a aneurysm at the 
internal carotid bifurcation (right) (Source: Tsutsumi K. et. al. "Risk of Subarachnoid 
Hemorrhage After Surgical Treatment of Unruptured Cerebral Aneurysms" Stroke. 1999; 
30: 1181-1184) 
2.2.2 Endovascular therapy 
Endovascular therapy is an alternative to surgery. It is an effective treatment in properly 
selected patients. In this treatment, a catheter is passed through an artery in the leg (as in an 
angiogram) by a radiologist and threaded through the cardiovascular system until the tip of 
the catheter reaches the opening of the aneurysm. Retrievable platinum coils are then 
carefully placed within the sac of an intracranial aneurysm to fill the aneurysm and prevent 
blood from entering the site. By blocking blood flow into the aneurysm, this technique 
should eliminate the chances of future hemorrhaging. If performed carefully, complete or 
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near-total occlusion of the aneurysm sac can be achieved in up to 90% of all cases. 
Unfortunately, this type of treatment does not work with all aneurysms. The two different 
coils for endovascular therapy currently under use are matrix detachable coils and guglielmi 
detachable coil (GDC) embolization. The difference is in matrix detachable coils have a 
bioabsorbable polymer (90% polyglycolide, 10% polylactide) cover over the platinum coils. 
The figure explaining this technique is shown in Fig. 2.5. 
Figure 2.5 Diagram of endovascular treatment of an intracranial aneurysm using 
detachable coils. (a) A catheter inserted at the femoral artery is advanced to the neck of 
an aneurysm at the terminus of the basilar artery. (b) Platinum coils are inserted into 
the aneurysm and detached with complete embolization often requiring multiple coils 
(Source: Johnston S. C. et. al. "Recommendations for the Endovascular Treatment of 
Intracranial Aneurysms" Stroke. 2002;33 :2536) 
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The biggest risk of using this therapy is on large aneurysms, which have wide necks making 
placing of the coils difficult. Another difficulty arises from the lack of scientific data, as this 
method is relatively new and some physicians are suspicious about it and thus prefer surgery 
to it. 
Although it is a minimally invasive technique, endovascular surgical occlusion is 
usually done under general anesthesia to prevent the movement of head during the placement 
of platinum coils. In cases where aneurysm is very difficult and risky to reach for extrinsic 
clip ligation, this method of treatment may be an excellent alternative. Endovascular surgical 
occlusion has a promising and expanding role for treatment of patients with both ruptured 
and unruptured aneurysms (Mayo Clinic News, Rochester). 
However like all other treatments there are some drawbacks and limitations of 
endovascular surgical occlusion. The most common technical complications are due to 
intraluminal thrombosis, which can occur during the grafting of platinum coils. This is the 
obstruction of a carotid vessel by a clot formed at the site of obstruction. This obstruction can 
causes changes in the blood flow pattern. 
Aneurysm rupture, though rare, is another serious problem arising in less than 5% 
cases (Redekop et al.) of endovascular occlusion surgery. It has been hypothesized that some 
of the factors related to these problems are directly or indirectly related to the hemodynamic 
stress. Hence it is important to have better understanding of cerebrovascular fluid mechanics 
to improve both the short-term and long-term efficiency of endovascular surgery. Blood as is 
a non-Newtonian, two-phase fluid, and thus study flow of blood becomes a rather complex 
problem. This complexity is compounded by the expansion and contraction of blood vessels 
and aneurysm with varying pressure. 
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Another disadvantage of using internal carotid artery occlusion is the post occlusion 
complications. Even though internal carotid artery occlusion is usually the preferred 
alternative to surgery, there is still a need for the identification of patients who can tolerate 
the occlusion. Angiography is at present the most commonly used method to assess tolerance 
to internal carotid artery occlusion. However many investigators have determined that 
specific angiographic features poorly describe the risk in this occlusion. Balloon test 
occlusion (BTO) is the next step to test the risks associated with internal carotid artery 
occlusion. Kailasnath et. al. studied the success rate of BTO predictions and found that in 
22% of cases BTO gave false-positive result. That is, in 22% of cases patients cleared for 
internal carotid artery occlusion the patients suffered infarcts, which are defined as an area of 
abnormal signal intensity in a vascular distribution that lacked mass effect (Longsreth et. el). 
It can result in loss of brain mental capacity usually resulting in anemia. Thus surgeons must 
accept considerable uncertainty for ischemic injury in patients after internal carotid artery 
occlusion. It is not only the permanent occlusion but also the temporary occlusion patients 
who have to go through this uncertainty. As a method of assessing an individual's suitability 
for the occlusion therapy option, Kailasnath et. al. has suggested creating patient specific 
computational models to simulate the cerebral circulation, which will help in predicting more 
accurate non-invasive predictions for aftereffects of internal carotid artery occlusion. 
2.3 Methods to determine Blood velocity 
Many methods with specific applications have been used to determine blood velocities. 
William Harvey (1628) was the first to measure the blood flow rate using a dead body. The 
first method to determine blood flow rate from a live being was based on 'Ficks principle' 
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developed by Adolph Fick in 1870. It can be stated as flow during a given time interval is 
ratio of amount of substance entering the flow in that time interval and difference between 
concentration of that substance before and after the point of entry. Guyton (1963) used 
oxygen as the substance and calculated the cardiac output. Oxygen still remains the most 
popular choice. However currently most of the blood flowmeters are of electromagnetic or 
ultrasonic type. For non-intrusive flowmeters electromagnetic and ultrasonic flowmeters are 
the most commonly used one. In electromagnetic flowmeters Faraday's principle is used. As 
blood is a conductor of electricity, if a blood vessel is kept in a magnetic field as EMF is 
induced on conditions that field is uniform, conductor (blood) moves perpendicular to the 
field and length of conductor is perpendicular to both field and direction of motion of blood 
flow. This induced potential difference is then given by: 
E=HdVx 10·8 (1) 
where E is potential difference in Volts, H is strength of magnetic field in gauss and d is 
internal diameter of vessel in cm and V is the mean velocity of conductor (blood) in emfs. 
The problem with these methods are uniform magnetic field cannot be applied to some hard 
to reach arteries and precise measurement of integrated mean flow. Ultrasonic flowmeters are 
based on Doppler method. Here an ultrasonic beam is passed through the vessel and from 
frequency of sound back scattered from moving blood cells the velocity is measured. There 
are some intrusive flowmeters also and among them the most common are viscous-drag 
transducers, electromagnetic transducers, ultrasonic transducers and thermal transducer. 
Viscous-drag transducer work by measuring the phasic changes in the blood flow using a 
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catheter type instrument. Whereas the thermal transducers work on the principle that the rise 
in temperature in a fluid flowing through a heated region is inversely proportional to flow 
velocity. There are some intrusive electromagnetic and ultrasonic transducers also currently 
under use. (Nichols and O'Rourke) Out of all these methods ultrasonic velocity 
measurements has become the most popular and is discussed here in detail. 
However the major limitation of this method is only the velocity components along 
the lines of sights of ultrasound beams can be measured at one time. To overcome this 
problem various techniques for 2D or 3D velocity measurement are used. These are speckle 
tracking, multiple transceivers, projection computed velocimetry and color Doppler method. 
In speckle tracking time interval between various images showing direction and magnitude of 
displacement of local blood speckle is known and thus velocity vectors are obtained. As 
name suggests in multiple transceivers, multiple parallel and closely spaced ultrasound 
beams are produced. Using RF correlation technique motion of blood cells in and between 
beams is tracked and thus 3D velocity vectors are obtained. In projection computed 
velocitmetry, velocity components parallel and perpendicular to beam are used to obtain 3D 
velocity images. 
Conventional and color Doppler methods are based on the equation: 
v= (2) 
where vis the velocity magnitude, c is speed of sound in tissues, fd is Doppler frequency, f0 
is center frequency of transducer and 8 is the angle between direction of velocity and 
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transducer axis. As 8 is usually not known true direction of velocity cannot be obtained and 
only radical component of velocity is measured (for 8 = 0°). Ujiie et. al. studied flow patterns 
in cerebral-like aneurysm in rabbits using Doppler ultrasound velocimetry. In addition to the 
previously described velocity components limitation, they were also unable to obtain 
instantaneous velocity fields within the aneurysm and thus could not observe the entire flow 
field's complexity. This limitation not only makes conventional Doppler methods unsuitable 
for getting absolute velocities but can also result in the misinterpretation in studying complex 
blood flow patterns occurring in turns, branches, bifurcations and tortuous vessels where 
blood flow may have all three components of velocity. In addition, the presence of tumors, 
blockages and diseases can cause additional turbulence causing the blood to move in various 
directions (such as in non-radial directions). These complexities create flow patterns, which 
are sometimes not obvious, and cannot even be detected by color Doppler imaging (Shiping 
et al.) To solve this problem Shiping et. al. suggested Doppler beam steering method. In this 
method three focused beams are projected over a small blood volume. These beams have 
aperture of ultrasonic transducer as its center. The radial components of velocity at the three 
beam location gave true velocity of the small volume under consideration. This method was 
found to have some errors and repeated measurements were required to get good results. 
Another drawback of the Doppler ultrasound technique is the size of the measured volume. 
The spatial resolution is limited by the dimensions of the ultrasonic beam used in the 
experiments. The smallest spatial resolution achieved using overlapping of adjacent 
measurement volumes is about 0.3mm, which is significant for 6.1 mm common carotid 
artery. Due to the limitation of smallest spatial resolution that can be obtained with this 
method it is often found to be unsuitable for smaller blood vessels. 
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Greater spatial resolution was achieved by using alternate velocity measurement 
techniques, such as laser Doppler velocimetry (LDV) and particle image velocimetry (PIV). 
To allow maximum transparency for these methods Liou et. al. used glass models of 
aneurysms at the branching sites of arteries for measuring velocity using LDV. Other 
researchers have also investigated the hemodynamics of intracranial aneurysms using arterial 
models using PIV (these will be described in detail later). However the biggest limitation of 
all these experiments were that the required models are much larger than those actually found 
in the blood vessels and intracranial aneurysms. These large models were necessitated by 
limitations in the experimental techniques that the researchers used. For example, LDV and 
PIV measurement volumes are typically on the order of I mm in diameter. Since cerebral 
aneurysms typically have dimensions on the order of 1 cm or less, the large models are 
required to achieve high spatial resolution in the measurements. 
Computational fluid dynamics (CFD) has also been used to predict the flow patterns 
of the blood near and within the aneurysm (Cebral et al.). Aenis et. al. used a finite element 
method using a commercially available computer program package called FIDAP to study 
blood flow through a wall aneurysm with a geometry similar to one used in the present 
research. Aenis et. al. used equations using conservation of mass and momentum, which 
were solved in simultaneous manner. Conservation of energy was not used as the system was 
considered isothermal and incompressible. Other assumptions used were no slip boundary 
conditions, negligible body and buoyant forces and a fluid possessing Newtonian behavior. A 
study in Thomas Jefferson University by Ortega H.V. used the information provided by 
quantitative color Doppler ultrasound techniques to perform a CFD simulation on cerebral 
aneurysm. As the thickness of human skull can cause inaccuracies in results due to Doppler 
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ultrasound techniques, he used an animal model of common carotid artery from New Zealand 
rabbits. These rabbits have a common carotid artery with approximately same diameter as 
that of humans. CFD simulation of the flow of blood through common carotid artery was also 
done by Cebral et. al. in 2002. They used carotid artery models constructed from high-
resolution contrast material-enhanced MR angiographic images taken from 1.5-T system of 
GE. Here the deformation of vessels was allowed but only in radial direction, and flow 
equations were modeled on a Lagrangian-Eulerian reference frame. In most of the CFD 
models, cases of severe degrees of stenosis were not tested, which could lead to complex 
flow patterns and even turbulence. Moreover, due to the limitations of computer resources 
available, these models were made much simpler and general than actual physiological cases. 
For example, Cebral et al. used an implicit, monolithic, finite element scheme as opposed to 
explicit schemes to decrease the number of time steps required. Complex interactions of 
flowing blood with expanding and contracting arterial walls also created a difficulty in 
modeling aneurysms. 
2.4 Particle Image Velocimetry 
Particle image velocimetry (PIV), a laser-based technique for measunng instantaneous 
velocity fields has been applied by a number of researchers to the study of blood flow in 
cerebral aneurysms. Yu and Zhao applied particle image velocimetry (PIV) techniques to 
study the steady state and pulsating flow characteristics in straight tubes with and without 
protrusions. This configuration is similar to internal carotid artery with aneurysm. The 
important finding was the magnitude of velocity in the protrusion was approximately 10 
times lower than that measured at the parent tube. This velocity was found to reduce further 
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to about 20 times at high Reynolds number (Re= 1400). Also the vortex inside the protrusion 
was found to be unsteady and moved during different phase of a cycle. The flow pattern used 
for this experiment was sinusoidal and the dimension of the tube was much larger than actual 
aneurysm model. Danturthi et. al. studied the rupture of intracranial aneurysm using 2D 
particle image velocimetry. Spherical and pear shaped aneurysm where used and the whole 
structure was made from glass for clarity. They found Reynolds number, neck size of 
aneurysm and opening with to be the governing factor for the flow in the aneurysm. A more 
detailed study of sidewall aneurysm was done by Lieber et. al. They used an artificial heart to 
generate the required pulsitile flow and mixture of glycerin (58%) and physiological saline 
(42%) as blood. Lieber et. al. found that vorticity inside the aneurysm sac increased during 
the deceleration of systole. 
Microscopic particle image velocimetry (microPIV) is a recently developed technique 
for studying microscale flow of fluids. Here an inverted epi-fluorescent microscope is used 
and the microflow is studied by keeping it over the objective of it. Expanded laser light 
enters the microscope from back and after a few redirections is focused on the small section 
of flow. The section size is determined by the objective. The images are then taken using a 
CCD camera and are analyzed in the traditional PIV way (these terms are explained in more 
detail in Experimental Setup section). The difficulty for using this method is in determining 
the depth of measurement volume as all particles make a contribution depending on there 
distance from the object plane. Thus Olsen and Adrian derived an equation for determining 
depth of correlation, which is the depth at which particles contribution in the microPIV 
calculation is significant. 
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As the spatial resolution of microPIV is much greater than that of other velocity 
measurement techniques, actual -sized models of intracranial aneurysms can be used. A 
microPIV technique has been developed and has demonstrated that it can provide 
measurements of velocity fields with spatial resolution approaching 0.9 µ m (Meinhart et al.). 
The proposed research will employ microPIV, to measure instantaneous velocity 
fields. The small spatial resolution will help in understanding the blood flow due to aneurysm 
more clearly. It will also lead to better understanding of motion of vortex in the aneurysm, 
which can help in better understanding of reasons for rupture of aneurysm, and hence 
microPIV was selected as a suitable technique for studying blood flow due to aneurysm. 
Successful implementation of the microPIV in this study can in future lead to application of 
this technique for non-intrusive study of patients on case-to-case basis. It can help doctors 
perform the occlusion or surgery in a model designed specially for a particular patient based 
on dimensions obtained from color Doppler or angiography technique. Thus the doctor can 
study the surgical procedure and after effects of treatment more extensively on physical 
model. This can lead to more accurate and reliable results. 
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CHAPTER 3: EXPERIMENTAL LAYOUT 
To study blood flow through carotid arteries containing aneurysms, a complete experimental 
system capable of simulating arterial circulation and measuring velocity fields within the 
simulated blood vessels was required. The following narrative describes the artificial pump 
and circulation system designed and constructed for the research. Later, the microscopic 
particle image velocimetry (microPIV) system used to collect velocity field data is described. 
3.1 Artificial Heart Pump 
In order to perform the experiments, an artificial heart pump was designed and constructed. 
The pump was designed to be capable of creating unsteady pulsating flow that simulates 
actual blood flow through the carotid artery. 
Many earlier experiments used centrifugal pumps as the main pumping device, 
however, for simplicity and affordability a reciprocating pump was selected for use in this 
research. The pumping system could be broadly classified into three parts: Actuator, 
Electronic Control Module (ECM) and Command system. Construction and working of these 
parts is mentioned in brief below. 
3.1.1 Actuator 
The actuator can be considered as the "muscle" of the pumping system. It consists of a 12V 
de brush type motor, a gear reduction system, and an electromagnetic clutch. When the 
power was applied to clutch and motor, the output shaft moved back and forth. The position 
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of the output shaft was proportional to the applied voltage, and thus by controlling this 
voltage, the motion of the output shaft could be controlled. The complete stroke of the 
output shaft was 3 inches. The actuator rod position was provided to the ECM using a linear 
potentiometer. Thus the potentiometer acted as a feedback device inside the actuator. 
3.1.2 Electronic Control Module 
The Electronic Control Module (ECM) acted as a "brain" of the pumping system. The ECM 
took the input signal (voltage) from the user through labview software and compared it to the 
feedback signal (voltage) from the linear potentiometer located in the actuator. If the signals 
were found equal no actuator movement took place, however in case of unequal signals 
(indicating a desired change of output shaft position), the controller provided the required 
power to the motor and thus causing the piston to either move in or out until the feedback and 
command signals were equal. The ECM also protected the system from any sudden errors in 
signaling and wiring with integrated fuses. 
3.1.3 Command Device 
Command signals were transmitted to the ECM using LabView software. In the LabView 
virtual instrument developed for the control of the heart pump, a square wave was generated 
and sent to the ECM. Based on the duty cycle of the generated square wave, the motions of 
the inlet stroke and outlet stroke of the piston in the actuator were controlled. The output 
signal from the computer to the ECM was a+/- 5 volt signal that was generated using a data 
acquisition board manufactured by National Instruments. 
3.1.4 Circulatory System 
The heart pump was then connected to a closed loop of tubes and valves that modeled the 
portions of circulatory system that feed blood to the carotid artery. This circulatory system 
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was designed such that in conjunction with the artificial heart, it created a pulsatile flow with 
a waveform approximating that of an actual heartbeat. The basic structure of the system 
consisted of two parallel flow circuits. The first flow circuit contained the test section , and 
the other flow path acted like a bypass. This bypass was necessary to add the additional flow 
control needed to allow the system to accurately model the waveform of a beating heart. A 
pinch valve present in this flow path controlled the relative flow rate to the parallel flow 
circuits. 




Figure 3.1 A schematic view of the circulatory system. 
Test 
Section 
The system contains a sequence of four check valves and two pinch valves (numbered 1 and 
2 in Fig. 3.1). For simplicity in explaining the flow, the test section is considered as the 
middle part of the system and divides the system into inlet and outlet parts. 
Two check valves are present just after the inlet and outlet port of the pump to regulate 
the flow in the corresponding direction. These check valves were necessary to guarantee that 
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fluid flowed into and out of the artificial heart in only a single direction. The path of the flow 
can be explained from the inlet to outlet port as follows: 
1) After the inlet check valve the bypass tube is connected the bypass tube's main 
function is to control the flow rate. To avoid excessive flow into the test section while 
keeping the amplitude of the pump high (to avoid stepping action of the motor to 
influence the flow) bypass is used. 
2) The other end of the bypass is connected just upstream the reservoir on the outlet part. 
Thus the bypass acts like a parallel path to the flow between the inlet and outlet of the 
pump. 
3) There is a check valve and a pressure transducer (P. T.) present after the bypass and 
before the test section in this order. This check valve is required to prevent 
oscillations of the fluid mass due to reciprocatory action of the pump. The check 
valve here also prevents the flow from the test section to enter the bypass, that is, it 
prevents the reversal of flow in the bypass. Pressure transducer measures the inlet 
pressure to the test section. 
4) To check the outlet pressure from the test section another pressure transducer is 
present after the test section following the pressure transducer a check valve and 
pinch valve (2) are present. Here the check valve again prevents reversal of flow from 
the bypass or reservoir into the test section. 
5) The combined flow through bypass and from test section then enters the reservoir. 
6) The outlet from the reservoir is then connected to the outlet port of the pump. 
The flow rate through the test section is controlled using the two pinch valves (1) and (2). 
These pinch valves also help in creating the desired pressure waveforms. To raise the whole 
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pressure in the system to the desired pressure range, a syringe is connected between the outlet 
port and the reservoir. The syringe can be used to inject additional fluid into the closed loop 
of the system, and thereby raise the pressure within the system. After the desired pressure is 
reached, the syringe is locked in the desired position to avoid any oscillatory motion that may 
arise due the fluctuating pressures within the circulatory system when the artificial heart is in 
operation. 
After adjusting various parameters in the flow circuit we can get a velocity waveform 
approximating that of actual blood flow through carotid artery as shown in Fig 3 .2. 
Sample velocity waveform 
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Fig 3.2 Sample velocity waveform for the system 
The waveform shown here is generated to test the final settings of the pump. The x-axis 
shows the various phases of the pump whereas the y-axis gives the velocity magnitudes. The 
slight negative velocity occurs at 180° which is due to limitation of reciprocatory pump. The 
waveform shows two peaks where the second peak is approximately one-third the first. The 
pressure waveform at inlet and outlet are as shown below in Fig 3.3: 
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Fig 3.3 Sample pressure waveform: a) at inlet b) at outlet 
these pressure waveforms, shown in Fig 3.3, show a sharp rise and a gradual fall which 
agrees with the actual blood pressure waveforms. 
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3.2 Microscopic Particle Image V elocimetry System 
The setup for PIV or particle image velocimetry is essentially a collection of many sub 
systems. Here flow tracing particles are added to the flow and are illuminated twice within a 
known short time interval. A pair of images is then recorded on multiple frames, with each 
frame showing particle locations for one of the two laser pulses. Using complex post-
processing the displacement of the particles between the images is recorded and thus velocity 
of the flow is determined from the known '5t' and 'ox' variables. For micron-scale fluid 
flows a microscopic particle image velocimetry (micro-PIV) has been developed. This 
system requires an epifluorescent microscope, a high resolution CCD camera, a pulse laser 
system and an optical setup to get expanded laser beam. Along with the hardware there are 
other parameters like particle seeding and time duration between two consecutive light pulse 
which needs to be considered. We will explain the hardware first and then other parameters 
required for the experiment. 
3.2.1 Laser and Optics: 
Continuum Minilite Nd:YAG laser was used for doing the microPIV experiment. The 
complete setup is shown in Fig 3.4. The output was at 532 nm and maximum energy output 
of the laser was 25 mJ per pulse with stability 3% and vertical polarization. Beam size from 
laser was 3 mm. This beam was first send to an optical attenuator to decrease the beam 
energy. Then the beam had to be turned by 90° due to space considerations. Optics used were 
from Newport Corp. The mirror used for reflecting the laser beam was high energy Nd:YAG 
laser mirror with 45° incidence angle. These mirrors were made of UV grade fused silica 
with diameter 25.4 mm and thickness 6.35 mm. The reflected beam then passed through a set 
of bi-concave and bi-convex lenses in this order to increase the beam diameter. Bi-concave 
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was of type BK-7 precision and was of diameter 12.7 and effective focal length of-25 mm. 
Here the BK stands for the type of material of which lens was made, that is the material was 
annealed BK 7 optical glass. This lens was coated with antireflective coating of AR.14 as per 
Newport catalog as its reflectance for 532 nm laser beam was minimum in the available 
antireflective coating range. The next lens in the optical path was BK 7 precision bi-convex 
lens. This lens had 25 .4 mm diameter and effective focal length of 100 mm. It was also 
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Figure 3.4 Schematic of the laser and optics arrangement for micro-PIV experiments 
The expanded beam of diameter 24 mm then enters the microscope. 
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3.2.2 Microscope 
The microscope used for the microPIV was Nikon inverted microscope eclipse TE 300. This 
microscope was fitted with Nikon TE-FM Epi Fluorescence attachment. The light source 
used for the Bpi-fluorescent attachment was also attached to help in focusing of the test 
channel, and due to absence of any lens or filter the expanded laser beam was not affected 
due to this attachment. The beam then went to through ND filters. The two ND filters used 
were ND4 and ND8 filters. Four and eight actually stands for 1/41h and 1/81h reduction in 
brightness. Thus these filters reduce the brightness by 1/32 of the original. Next was field 
aperture diaphragm. This diaphragm is used to limit illumination of area of specimen that is 
being viewed. For the experiment the size of diaphragm is such that it is just outside the edge 
of the view field to avoid stray light from entering. The next feature in the optical path is the 
shutter, which was kept open for the experiments. Then the light strikes the filter block, 
which essentially consisted of an excitation filter (EX filter), dichroic mirror (present within 
the block) and the barrier filter. These filters are explained below: 
1) EX filter: These filters are used to allow only a particular bandwidth to pass through 
them. The bandwidth allowed to pass through is such that it causes the specimen to 
emit fluorescence. However here as we use laser light of 532 nm this filter is not of 
much use. 
2) Barrier filter: These are very much like the EX filters but allow only the fluorescent 
light generated by the particles in the test channel to pass and cuts off all other 
emitted wavelengths from the particles. 
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The magnification used in the microscope for these experiments was 2X. The optical path in 
the microscope is shown below in Fig 3.5. 
(1) Double-Pulsed 
ND:Y AG Laser 





(5) Microfluidic Device 
( 6) CCD Camera 
(1) 
Figure 3.5 Schematic of an inverted microscope-based microscopic particle image 
velocimetry system. 
3.2.3 Camera 
The camera used for the microPIV experiment is flowmaster 3S PIV camera provided by 
La Vision Inc. it has a resolution of 1280 x 1024 pixel and pixel size of 6.7 x 6.7 µm. Thus 
the active area of CCD camera is 8.576 x 6.86 mm. The frame rate is 8 Hz for the camera. It 
was attached to the microscope photo port also known as D-port. There was an attachment 
used to fix the camera to the microscope D-port. This attachment manufactured by 
Diagnostic instruments is known as C-mount. It had lX lens in it and thus there were no 
change in the image size due to it. 
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3.2.4 Data Collection and Analysis Software and Hardware 
After the hardware setup for the micro-PIV experiments the next most important part was to 
get the fluid tracing particle concentration. For the aneurysm experiment 7 µm red 
fluorescent polymer microspheres manufactured by Duke Scientific Corporation were 
selected. It had a specific gravity of 1.05 g/cm3 • The fluorescent particle solution was 
prepared using the particles and D.I. water. To ensure that the bad velocity vectors are at 
minimum in each vector field there should be atleast 5-10 particles in each interrogation 
volume. The following equation was used to estimate required minimum seed density. 
N = CA(2Zcorr) (1) 
Where, N is the desired number of particles in each interrogation volume, C is the volumetric 
concentration of fluorescent particle solution, A is the area of each interrogation window and 
2Zcorr is the depth of correlation estimated by 








corr ~ P + M2 (2) 
where E = 0.01; / is the focal number of the lens; dp is the particle diameter; Mis the 
magnification, A is the wavelength of light emitted by the particle. Estimation of the 
measurement volume depth is also provided by equation (2). In the experiment 2X 0.06 NA 
objective was used resulting in a depth of correlation of 0.28767 mm. The interrogation 
window for the experiments was of 0.05654 mm square measure. Overlapping of 50% was 
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there among adjacent interrogation window resulting in a spatial resolution of 0.11891 mm. 
Thus approximately 34 vectors were measured across the width of the microchannel with this 
spatial resolution; and to achieve this spatial resolution a volumetric particle concentration of 
approximately 0.0052 percent was required for 10 particles in each interrogation window. 
For the experiment we needed 120 ml of water to fill the system along with the reservoir. 
Based on the above calculations and using the specific density of the particles it was 
calculated that the amount of particles required would be 7 mg. It was found that these 
particles have a tendency to stick to the walls of the piping and thus allowing for this loss a 
concentration of 400 mg/120 ml of water or 3.33 mg/ml was selected for the experiments. 
This resulted in volumetric particle concentration of 0.29 percent which is less than 2% thus 
the flow was still single phase. 
Next thing to calculate was the time duration between the light pulses (ot). 
Blood flow in human carotid artery varies from 400 to 1400 Reynolds number and hence for 
the experiments there was a need to find a suitable ot so that the range can be covered with 
satisfactory results. We selected 900 as the average Reynolds number and based on it 




where we expect the particles to move half the distance of the interrogation window we 
calculated ot =312 µsec. 
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Vector processing and post-processing was done usmg the commercial software Davis 
provided by La Vision Incorporated. This software is capable of sending signals to laser and 
camera based on the trigger and timing provided by the user. The laser trigger was generated 
based on the phases of the pump using Lab View software. The program for generating laser 
trigger used the concept of generating multiple user defined waveforms. Where each 
waveform, while independent, goes over the same cycle and thus trigger signal can be 
generated after a particular phase gap with the pump cycle. The user can provide this phase 
gap and thus readings were taken at various phases. The gap between the two laser pulses 
was defined by the ot time interval. 
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CHAPTER4:RESULTS 
The micro-PIV technique was applied to three different types of structures to study the flow 
in each condition. Results are presented in this chapter based on level of complexity of 
structure starting from straight channel. 
The fluid used for the experiment was a mixture of water and fluid tracing particles. The 
particles used were of diameter 7 µm manufactured by Duke Scientific Corporation. The 
concentration used for the mixture was of 3.117 particles/ml of water. This was a Newtonian 
mixture, while blood is a non-Newtonian fluid. However as the most important factor 
influencing the flow field is the structure and the least important are non-Newtonian effects 
when shear stresses are above 1.5 dynes cm2 (Bharadvaj et al.) it is therefore safe to assume 
that since the non-Newtonian effects in arteries the size of the carotid artery are small, 
approximating the fluid as Newtonian and using water, as in our experiments, should yield 
accurate results. 
4.1 Straight Channel 
This was the simplest case investigated, and was performed to provide baseline data on the 
performance of the heartbeat simulating pump. It was necessary to understand the efficiency 
of the system and its shortcomings. Here a straight piece of Tygon tubing with internal 
diameter 3.96 mm was selected as the test section. The artificial heart pump was adjusted to 
get a maximum Reynolds number of 1200 (the maximum Reynolds number is based on the 
maximum velocity that occurs during the unsteady operation of the pump. The velocity 
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waveform is as shown below. For the waveform mean velocity at around 28 different phase 
location was taken. The mean velocity was approximated as two-third of the maximum 
velocity as the flow was laminar. Phase location means basically different time locations on 
the heart pump cycle. Using the Lab View program the laser was fired at the required phase 
location to obtain the PIV data. For visual purpose the graph was smoothened. 
210 260 310 
phase 
Fig 4.1 Bulk velocity waveform for the straight channel 
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Fig 4.2 Gauge pressure diagram a) at inlet b) at outlet 
210 260 310 
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Here the absolute pressure in the waveform is higher that the actual pressure waveform 
observed in the carotid artery, but the shape matches that of the actual one in human beings. 
That is, the generated pressure waveform is simply offset from that observed in the human 
body by a constant. 
The readings for the straight channel were taken at the phase gap of 20°. As the complete 
heart pump cycle can be set as between 0° and 360° degrees. The phase gap can then be 
defined as the gap in degrees between any two points on the 360° cycle. Fig 4.3 shows 
velocity vector waveforms from 0° to 60° as the phase increases from 0° to 40° the velocity 
increases, and a parabolic shape of the velocity is visible in all of the vector plots. The 
parabolic shape of the velocity profile suggests that the flow is laminar, as would be expected 
for a Reynolds number of 1200. After that the velocity starts decreasing the velocity vector 
diagram at Fig 4.3 d) shows slight hump due to bending of channel. The channel was bend to 
get the mid-plane of the flow in the focal range of the lens. The loss of vectors at 40° was due 
to particle coagulation near the wall of the channel, also as the ot selected was for average 
Reynolds number and thus the flow close to the wall could not be captured perfectly. 
The slight negative bulk velocity occurs at 100° as found in vector diagram shown in Fig 4.4 
b ). As the figure 4.4 a) shows the velocity vectors at the phase just before the reversal of 
velocity shows a disturbed flow and the velocity pattern obtained is no longer exactly 
parabolic. The velocity starts increasing after 100° and shows another peak at around 120° 
This second peak is around one-third the first peak seen in Fig 4.4 c ). The velocity then 
stabilizes and remains approximately constant at around Reynolds number 200. Thus the 
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Fig 4.5 Velocity vector diagrams a) At 160° b) At 200° c) At 300° 
41 
The velocity vectors in Fig 4.5 shows stabilized velocity magnitude. The velocity vector 
diagram at Fig 4.5 a) shows slightly lesser velocity magnitude than other cases which is due 
to small fluctuations in velocity as shown in Fig 4.1. The velocity magnitudes at Fig 4.5 b) 
and c) remains constant close to Reynolds number value of 200. The flow, as expected, 
remains laminar and thus Fig 4.5 b) and Fig 4.5 c) shows parabolic profile. 
We see from the straight channel flow that the flow in human carotid artery is pulsating with 
two peaks. The above results also demonstrate the ability of the heartbeat-simulating pump to 
accurately model the pressure and velocity waveforms of the beating heart. In the next part of 
the chapter we will study the effect of various geometries on the flow. 
The flow pattern confirmed some of the results earlier seen. As Yu and Zhao had mentioned 
that at peak velocity phase the flow is almost uniform and then the boundary layer starts 
thickening as the velocity starts decreasing. Another result obtained was the peak phase was 
approximately one-forth of the phase cycle and during the remaining three-forth of the cycle 
the velocity remained close to the lowest Reynolds number. This was also described by Ku 
et. al. in there paper. 
4.2 Side Wall Aneurysm 
After confirming the capabilities of the heartbeat simulating pump using a straight channel 
the next set of experiments performed was to measure the velocity fields in a model of a 
blood vessel with a side wall aneurysm. Side wall aneurysm as the name suggests consists of 
a straight channel with an aneurysm at one side of it. 
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The whole system of side wall aneurysm was made with flexible material that contracted and 
expanded with the flow and thus the usual assumption of inflexible walls was not required in 
this case. The velocity waveform is as shown in figure 4.21. As in the previous case for the 
waveform mean velocity was again taken at the same 28 different phase location. 
Considering the flow as laminar the mean velocity was calculated as two-third of the 
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Fig 4.21 Velocity waveform diagram for side wall aneurysm 
The peak Reynolds number in this case is 1200 however for calculation of ot (the laser pulse 
separation time for the microPIV experiments) the average flow Reynolds number 800 was 
considered giving ot equal to 530 µs. 
One important factor in the study of blood flow due to presence of side wall aneurysm was 
the formation and decay of vortex inside the aneurysm. It was found that the vortex inside the 
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aneurysm was formed at the low velocities and started to decrease as the flow velocity in the 
carotid artery started increasing. This can be explained based on the pressure gradients 
formed in the whole system. At low velocities the pressure gradient between any two points 
on the straight channel is less thus the flow gets a chance to enter the aneurysm and the 
vortex formation takes place. Higher velocities induce a higher pressure gradient and cause a 
suction pressure on the sac causing the vortex to come towards the end of the aneurysm. At 
peak velocity the vortex gets weakened and comes to the lower edge of the sac. This low 
vorticity is not sufficient to cause a vortex however it creates a wavy pattern at high velocity. 
The vector diagrams showing the increase in velocity with increasing phase is as shown 
below. To explain the vorticity along with velocity the velocity vectors where superimposed 
on the vorticity contour plots. Calculation of vorticity was done using the equation 
av au 
OJ=(---) ax 8y 
To obtain the vorticity contour, the velocity vector plots where obtained in the data format 
and where opened using Tecplot software. The equation was entered in the software to obtain 
the final result. At the start of cycle shown in Fig 4. 7 the vortex is weak in the aneurysm sac 
thus the aneurysm effect on the artery flow is small. At high velocity the vortex is near the 
neck region of the aneurysm. The aneurysm sac creates disturbances in the artery flow as 
seen in Fig 4.8. Compared to the second velocity peak the disturbances at 40° are much 
higher. The second peak velocity and vorticity plot is shown in fig 4.9. Fig 4.9 also shows 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































In the latter part of the cycle as the velocity starts decreasing the vortex start moving away 
from the channel and towards the dome of the aneurysm. The strength of the vortex starts 
increasing as visible from the vorticity plots. These results agree well with the one obtained 
by Yu and Zhao. These findings can be shown with the help of the following diagrams. The 
clockwise motion of vortex can be shown as we go towards higher phase points. The vortex 
also stabilizes around mid part of the aneurysm dome. The velocity remains at 200 Reynolds 
number. The vortex was found to have small and temporary effect on the flow pattern after 
the aneurysm. Confirming Yu and Zhao results the maximum velocity of the vortex was 
found to be around 10% of the mean velocity of the flow in the carotid artery. Fig 4.10 
shows high vorticity close to center of aneurysm sac. This high vorticity also affects the 
artery flow. At higher phase the vortex loses its strength slightly as seen form Fig 4.11. The 
effect of aneurysm sac on the artery flow also decreases at higher phase. The vorticity effect 
on the artery flow decreases significantly after 200°. Small motion of vortex at higher phase 
is also visible as we move from Fig 4.11 to Fig 4.12. As shown in Fig 4.13 the vortex 
remains near the center of the aneurysm dome as the cycle comes to an end. The vorticity 
decreases as seen from Fig 4.13. Fig 4.14 shows small vorticity. From Fig 4.14 we can see 
that the effect of aneurysm sac is small on the artery flow and it disappears completely after a 
small distance. From the figures we see that the location of vortex depends upon the velocity 
in the carotid artery which is expected due to the pressure fluctuations created by the 
changing velocities. The motion of the vortex, moving towards the dome with increasing 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































In the next part of study of side wall aneurysm we studied the strain rate due to the presence 
of aneurysm. For calculating the strain rate the equations used were 
S .. = 112 (du./dx. +du ./dx.) 
IJ I J J I 
1s1 = ~(2 x sij x sij) 
Here we see while there is strain on the walls of aneurysm it is not sufficient to cause rupture 
of aneurysm. There is more strain visible at the suture of aneurysm and the channel than at 
any of the walls. These findings are visible from the diagrams shown below. At the start of 
cycle as seen from Fig 4.15 there is small strain on the aneurysm walls. At high velocity the 
strain inside or on walls of aneurysm is negligible and most of the strain is on the walls of 
carotid artery as shown by .Fig 4.16. We see from Fig 4.1 7 at the second velocity peak the 
walls now starts to experience strain in the walls. After the second peak the velocity starts to 
stabilize and the strain starts to occur on the walls of aneurysm. From Fig 4.18, the strain on 
the dome of the sac has decreased however the walls continue to experience strain. This 
strain remains constant for latter part of the cycle as seen from Fig 4.19. As we start to come 
towards the end of the cycle the strain on the walls starts to remain constant. Thus it depends 
on the velocity of the carotid artery. At the end of the cycle the strain on the walls decreases 
as shown in Fig 4.20. From these plots we see that it is the lower velocity which creates more 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.3 Branch Aneurysm 
This is the last and most complex case. Here the bifurcation plays a important role on the 
fluid flow and creates helical motion in the left and right bifurcated channels. In this case the 
aneurysm was present at the bifurcation. It was found that the flow going in and out of 
aneurysm was not symmetric in phase sense, that is , while there was a gradual filling of the 
aneurysm sac the flow rushed out of it during a comparatively smaller time period. 
The vortex also moved in this case and completely disappeared at some phases. The detailed 
explanation of the flow and vorticity is given below. The system was set for a Reynolds 
number of 1300 . Thus the ot time was calculated as 600 µs for average Re of 800. 
The velocity waveform is as shown in figure 4.19 .. As in the previous case for the waveform 
mean velocity was again taken at the same 28 different phase location. Considering the flow 
as laminar the mean velocity was calculated as two-third of the maximum velocity. For 
visual purpose the graph was smoothened. 
210 260 310 
phase 
Fig 4.21 : Velocity waveform for branch wall aneurysm 
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Before the first peak of the cycle the flow is going in the aneurysm sac as seen from the 
velocity vector diagrams. The vorticity is low as shown by the Fig 4.22. At the first peak 
there is almost straight inflow into the aneurysm sac. The flows in internal and external 
carotid artery also reaches there peak. Fig 4.23 explains these findings. After 40° the velocity 
starts decreasing. The flow starts rushing out of the aneurysm as shown by Fig 4.24. After 
80° phase has passed the vortices starts forming in the aneurysm. During the second peak the 
vortex inside the sac is visible as shown by Fig 4.25. After the second velocity peak flow 
stabilizes and we see the slow build up of fluid in the aneurysm takes place. The velocity in 
the two bifurcated arms is also low and the due to helical velocity the sudden increase is 
visible for Fig 4.25 and Fig 4.26. As we move to the end of the cycle the flow stabilizes and 
the vorticity starts to decrease, visible from Fig 4.27 
In the next part we concentrate on the strain at various locations of the aneurysm. 
Here due to difference in velocity at various branches and aneurysm the Bt selected for the 
whole system was not accurate and thus there is some high strain visible at some junctions 
were the combining of images was done. However the overall results shows that the walls of 
the aneurysm here also are not under severe strain and it are the junctions which show high 
strain .. Before the maximum velocity the strain is low for most part of the aneurysm sac as 
shown by Fig 4.28. As we reach the maximum peak velocity the strain starts to increase. 
There is more strain on the bifurcation branches compared to the aneurysm sac at peak 
velocity as shown by Fig 4.29. During the latter part of the cycle the strain increases on the 
wall of the aneurysm sac seen from Fig 4.30. Close to the end of the cycle the strain 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CHAPTER 5: CONCLUSION 
While performing the experiment the due to the limitation on the measurement resolution 
near the wall the boundary layer could not be accurately described however the bulk features 
of the flow were captured clearly. It was found that the Reynolds number is one of the most 
important factor for influencing the flow through the aneurysms as well as strain on the 
various parts of the aneurysm. At high Reynolds number the vortex inside the aneurysm was 
found to be disappearing. In case of branch aneurysm the bifurcation was found to decrease 
the Reynolds number in the central region. The recirculation zone inside the aneurysm was 
more profound at lower Reynolds number. This recirculation zone is known to be a potential 
for the development of atherosclerosis and thrombosis (Motomiya and Karino ). While the 
strain was found to be high at the aneurysm neck the rupture occurs at the dome of aneurysm 
due to thickening of the aneurysm walls (Ortega). Turbulence was not found in the flow and 
thus was not a factor for studying the flow patterns due to aneurysm. 
Future scope: 
• The study was limited due to the number of aneurysm models available and thus one 
of the interesting factors to study could be the effect of the aneurysm size on the flow. 
• In case of branch wall aneurysm bifurcation angle is also an important factor 
influencing the flow pattern and thus could be studied so that effect due to aneurysm 
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in any particular case can be predicted by neurosurgeons before any treatment can be 
given. 
• Since the aneurysm sac and the arteries were kept in the same plane the effect due to 
gravity or position of aneurysm with the arteries was not considered which could be 
worth investigating. 
• Actual heart works on the principle of positive displacement pump thus to simulate it 
centrifugal pump is generally the first choice. However using solenoid valves we 
could create a flow which depends on the pressure cycle. 
Heart Pump 
Human heart consists of two independent pumping chambers or ventricles. Some of the 
earlier artificial heart pump used cyclically flexing diaphragms for construction of artificial 
heart pump. However due to susceptibility of the diaphragms to fatigue failure, centrifugal 
pumps gained more popularity. These pumps are continuously monitored and controlled to 
get the required pressure and velocity waveforms (Maslen et. al.). For further perfection of 
the present heart pump used for this research, two reciprocatory pumps can be combined to 
get the required pumping action of two independent ventricles. 
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